Previously, we described a mutation glrl-l in Saccharomyces carlsbergensis which pleiotropically relieves the synthesis of the following enzymes from glucose repression: maltase, galactokinase, ot-galactosidase, NADH:cytochrome c reductase, and cytochrome c oxidase (C. A. Michels and A. Romanowski, J. Bacteriol. 143:674-679, 1980.) In this report, we demonstrate that glrl-l and two other alleles, glrl-3 and glrl-16, are also insensitive to the glucose repression of invertase synthesis. Determinations of the levels of hexokinase activity and the rate of glucose transport in these mutants show that both are reduced as compared with the parent strain. Complementation tests and genetic analysis indicate that the glrl mutations are allelic to HXK2, the structural gene for hexokinase B. The significance of this result is discussed with regard to the mechanism of glucose repression in S. carlsbergensis.
The addition of glucose to a growing yeast culture causes two types of metabolic changes. The first effect, called glucose inactivation (12) , involves the proteolytic inactivation of a specific set of enzymes, including maltose permease (23) , fructose 1,6-diphosphatase (22) , isocitrate lyase (3), and cytoplasmic malate dehydrogenase (23) . The second effect, called glucose repression, produces a reduction in the rate of synthesis of a wide variety of enzymes. These include the sugar fermentation enzymes maltase (24) , galactokinase (1), invertase (2), and agalactosidase (18) ; mitochondrial functions such as the Krebs cycle enzymes, electron transport, and mitochondrial ATPase (20, 21) ; and some of the enzymes of gluconeogenesis and the glyoxalate cycle, including those glucose-inactivated enzymes listed above (21) . The "glucose effect" clearly represents a global control mechanism in yeasts.
In a previous report (18) , we described the isolation of a mutant with the mutation girl-i, which pleiotropically relieves the repressing effects of glucose on the following enzymes: maltase, galactokinase, a-galactosidase, NADH:cytochrome c reductase, and cytochrome c oxidase. Two new mutant alleles at this locus have been isolated: glrl-3, a nitrous acid-induced mutation, and glrl-16, a spontaneous mutation. Both were isolated from the Saccharomyces carlsbergensis strain E56-2C based on their ability to grow on maltose in the presence of D-glucosamine. Both are as resistant as glrl-l to the glucose repression of the same enzymes listed above. In addition, the synthesis of invertase in all three GLRI mutants is resistant to glucose repression (see Table 1 ). Glucose transport and phosphorylation in glrl mutants. The mutations in GLRI described here are phenotypically similar to three classes of mutations described by Zimmerman and Scheel (25) and Entian and co-workers (5) (6) (7) (8) (9) . The hexl mutants they describe do not have detectable levels of hexokinase B activity (7) and do not complement mutations in the HXK2 locus which codes for hexokinase B (14) . The hex2 mutations they describe have been shown to exhibit elevated levels of hexokinase B (6), but mutations in CAT80 show no altered hexokinase activity (8) . Based on these results, we investigated glucose transport and phosphorylation in the girl mutant strains. Table 2 shows both of these activities to be reduced in the glrl mutants. The reduction in glucose-phosphorylating activity is equivalent to that seen in the hex] mutants.
Genetic analysis of allelism between glrl mutations and the genes coding for glucose-phosphorylating enzymes. Three glucose-phosphorylating enzymes are present in Saccharomyces spp.: two hexokinase isoenzymes called A and B (or PI and PII, respectively) and glucokinase (10, 14) . The structural genes encoding these proteins are HXKI (hexokinase A), HXK2 (hexokinase B), and GLKI (glucokinase). To further investigate the reduced rate of glucose phosphorylation found in glrl mutants, complemen- Goldstein and Lampen (11) , using crude cell extract prepared as described by Michels and Romanowski (18) , except that the final centrifugation was for 15 min at 15,000 rpm.
b For repressed conditions, the cells were grown to mid-log phase in YEP medium (1% yeast extract and 2% peptone) plus 2% glucose.
c To derepress invertase synthesis, the culture was grown to early log phase in YEP plus 2% glucose, harvested, resuspended in YEP plus 0.05% glucose, and allowed to grow for two doublings.
tation tests were done between the glrl mutant alleles and mutations in the HXKI, HXK2, and GLKI loci. Table 3 summarizes the genotypes of each of the strains used for this analysis. The strains PIT8C, P2T22D, D308, and D308.3 carry various combinations of the hxkl, hxk2, and glkl mutant alleles isolated by Lobo and Maitra (14) . DFY-64 was isolated by Gancedo et al. (10) and is mutant at both the hxkl and hxk2 loci and wild type at the GLKI locus. Diploids of the genotype glrllhxk2 are insensitive to the glucose repression of oa-galactosidase synthesis ( Table  4 ). All of the remaining diploids are glucose repression sensitive. Thus, mutations at the GLRI locus are not complemented by mutations at the HXK2 locus. Genetic analysis also supports the conclusion that glrl mutations are allelic to mutations in the HXK2 locus. The fermentation of fructose by Saccharomyces spp. is initiated by using either hexokinase A or hexokinase B for phosphorylation. An hxkl hxk2 double mutant strain is a fructose nonfermenter. The following series of crosses uses this to demonstrate that glrl is allelic to hxk2. Cross 1. In the first cross, a strain of the genotype hxkl hxk2 MEL (fructose nonfermenter) was crossed with a strain of the genotype glrl-16 MEL (fructose fermenter). The analysis of the resulting tetrads is shown in Table 5 . The 2:2 segregation offructose-fermenting to fructose-nonfermenting segregants indicates that the glrl-16 mutation is allelic to either hxkl or hxk2. All four segregants of the tetrad are glucose insensitive, indicating that the glrl-16 allele and either its hxkl or hxk2 allele are responsible for this phenotype.
Crosses 2 and 3. In crosses 2 and 3, a glrl mutant strain is crossed with hxkl and hxk2 tester strains constructed from the Lobo and Maitra (14) mutants. If glrl is allelic to hxk2, a cross between hxk2 and glrl mutant strains should yield only fructose-fermenting segregants upon sporulation. Likewise, if glrl is allelic to hxk2, it is mutant in the hexokinase B structural gene, and a cross between strains carrying mutations at glrl and hxkl should yield some fructose-nonfermenting segregants upon sporulation. Eight four-spored and two three-spored 23 fructose-and melibiose-fermenting segregants exhibited glucose-insensitive a-galactosidase synthesis.
Cross 5 was a cross between P2T22D (hxkl HXK2 mel) and KH3C (hxkl hxk2 MEL). Germination was poor, and only two four-spored tetrads were obtained, but both showed the expected segregation pattern of two fructose fermenters:two fructose nonfermenters. Determinations of the level of a-galactosidase activity under glucose-repressed conditions were done on three fructose-and melibiose-fermenting segregants, and all were glucose sensitive. The one fructose-nonfermenting, melibose-fermenting segregant assayed was found to be insensitive to glucose repression. The results of crosses 4 and 5 indicate that mutations in the HXKI locus do not relieve glucose repression as do mutations in the HXK2 locus. Based on these results, it appears that the mechanism of glucose repression in the Saccharomyces yeasts is different from that seen in Escherichia coli. In E. coli, the level of glucose in the growth medium controls intracellular cyclic AMP levels, which in turn appear to control enzyme synthesis. Recent reports indicate that cyclic AMP does not play an equivalent role in the Saccharomyces yeasts. The glucose repression sensitivity of mutants which transport and utilize cyclic AMP as an adenine source is unaffected by the presence or absence of cyclic AMP in the growth medium (17) . More significantly, mutants defective in the synthesis of cyclic AMP remain sensitive to glucose repression (16) . Consistent with these results, we find that in preliminary measurements of the levels of adenyl cyclase and cyclic AMP phosphodiesterase, the glrl mutant strains show no significant o differences from the E56-2C parent. It appears that the independently isolated hxk2, glrl, and hexi mutations described in the 0 >o literature (14, 18, 25) 
